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Abstract
This project consisted of designing a solarheated, and thermally efficient, greenhouse for the
geographical region around Hartford, CT. A heat loss analysis was performed for individual
surfaces and for the whole greenhouse on a monthly basis. The percentage of heating needs
theoretically provided by solar energy was found and the savings in fuel dollars calculated.

2009 Remarks
This paper was reproduced in electronic format with little or no changes to the original text.
The following changes are pending or not included.
●

Appendix A showing the second law of Thermodynamics is omitted.

●

The computer program for calculating heat loss written in FORTRAN has not been
converted to a more modern, PCfriendly computer language. Only sample calculations
are available.

●

Appendix C of insolation values has not been tabulated in electronic format.

●

The removable insulation design was not provided by a fellow student at the time of
writing and is omitted.

There are two important things to note if using this paper for any kind of reference. The first is
that the heat gain efficiency is assumed to be 100%. This is a gross simplification used for
learning purposes only and cannot be used as an approximation in practical use. The second
is ignoring heat loss due to convection, which is orders of magnitudes greater than heat loss
via conduction.
Note on Units: When multiple units are assigned to a value, the presence of a dash ()
between them indicates that they are on the same side of the divisor sign (/). For example, in
BTU/hrdegF, BTU is the numerator and hrdegF combined are the denominator.
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Introduction
Although all greenhouses receive most of their light from the sun, conventional greenhouses
are not designed to utilize or store the energy received via sunlight. The goal of this project is
to design a thermally efficient greenhouse for the geographical region around Hartford, CT
(latitude 41 deg 5' N, longitude 72 deg 4').
To help achieve thermal efficiency, the greenhouse is orientated and shaped so as to receive
the maximum amount of solar radiation, is well insulated to prevent heat loss, and contains a
large amount of thermal mass to reduce temperature fluctuations.
In addition to designing the greenhouse, the project also consisted of finding the percentage of
energy that could be provided by solar energy. To find this value, the amount of heat loss per
month was compared to the amount of solar energy captured by the greenhouse each month.
This figure was then used to approximate the dollar savings due to using a solar heated
greenhouse.
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Greenhouse Design Analysis
Terminology notes:
● Angle of Incidence – The angle sunlight strikes a surface with respect to a line
perpendicular to that surface (perpendicular is at zero degrees).
● Insolation – A measurement of solar radiation.
In the northern hemisphere, the sun is always less than directly overhead in the southern sky
(fig. 1, p. 6). Consequently, it is most efficient to orientate a solar heated greenhouse along an
eastwest axis and provide a large amount of southfacing glazing. The glazing itself is tilted at
an angle so that it will let in more direct radiation when it is needed in the winter when the sun
is lower in the sky (fig. 2, p. 7).
The roof is pitched to allow for summer sun penetration, and is painted white on the interior to
reflect light, which will help prevent uneven plant growth (fig. 3, p. 8). Fluorescent or “grow”
lights are also used, hung on rafters, to provide backup lighting for plants during lowlight
times.
The rear wall has a 4 inch thick brick wall on its interior to absorb heat during the day and re
radiate it at night. This helps to prevent overheating during the day (fig. 4, p. 9). Extra
thermal mass is provided by the concrete floor and the water drums, which are painted black
for maximum absorption of light, and are used to support the two middle rows of plants. The
reason that brick and water are used as thermal mass is that both have a relatively high heat
storage capacity and are very effective for the price.
As far as the exterior of the greenhouse is concerned, heat loss in the winter and heat gain in
the summer can be reduced by placing evergreen trees and shrubs around the north side of
the greenhouse. Heat loss can be further reduced by the addition of air locks built onto each
entryway; and summer heat gain could be reduced by some kind of translucent shading device
–although neither was designed for this project.
The dimensions of the greenhouse were arrived at as follows: It was chosen that the depth of
the greenhouse would be in the range of 15 – 20 feet. The exact depth was determined by
deciding on the arrangement shown in figure 5.
The rear wall height is 6 feet, which is small, but the roof is pitched at 60 degrees for the
reasons mentioned above, so it slopes steeply upward. The front wall has a minimum height
of 3 feet, because trying to go any lower would have made walking in the front aisle difficult.
The optimum angle for the southfacing glazing for the Hartford area is 60 degrees, but this
resulted in a greenhouse that was too tall and hence inefficient , so a compromise was made
and the glazing tilted at 45 degrees.
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The greenhouse length is variable by 24 foot sections.
The height (h2) where the pitched roof and glazing meet, is given by the formula
h2 = [Dt + (h1 x cot(A))] / [cot(B) + cot(A)]

eq. (1)

where:
Dt = depth of the greenhouse if glazing when to ground.
h1 = height of the rear wall.
A = angle of the pitched roof.
B = Tilt angle of the glazing.
Plugging in the values yiels
h2 = [20.0 + (6.0 x cot(60))] / [cot(45) + cot(60)] = 14.9 feet.
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Figure 1 - Position of the sun in southern sky.

Summer

Figure 1 - Position of the sun in the southern sky
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Figure 2 - Solar energy density is a function of the angle of incidence.
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Figure 3 - Angled Glazing and Pitched Roof
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Figure 5 - Greenhouse Side View
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Heat Loss Profile
Background
The basic principles which govern heat transfer processes are the first and second laws of
thermodynamics. A basic understanding of them will help the reader to better understand and
appreciate this paper.
The first law of thermodynamics states that energy is conserved. This concept is applied in
this project when it is assumed that the energy entering the greenhouse which is not lost to the
surroundings is used the heat the space within the greenhouse.
The second law of thermodynamics says that the entropy of a system is always greater than or
equal to zero. An analogy can be made here between entropy and the amount of “disorder” in
a system. To say that entropy always increases or remains the same is equivalent to saying
that the amount useful work always decreases or remains the same. Using the second law, it
can be shown that heat energy will always flow from a hotter object to a cooler object.

Theory
Heat and work are defined as transient forms of energy because they exist only when there is
an exchange of energy between a system and its surroundings (1). The distinguishing feature of
heat is that the exchange of energy is due to a difference in temperature.
The three ways heat may be transferred are by conduction, convection, and radiation.
Conduction is an exchange of the kinetic energy of motion of the molecules in a substance or
the drift of free electrons in the case of heat conduction in metals. A distinguishing feature of
conduction is that it takes place within the boundaries of a body or between bodies placed in
contact with one another.
Convective heat transfer occurs in a fluid and may be either forced, if the motion of the fluid is
caused by external means, or natural, if it is caused by density differences in the fluid. With
convection, energy is transferred from one point in space to another by the displacement of the
fluid itself.
Thermal radiation is electromagnetic radiation which has been emitted at the surface of a body
that has been thermally excited(1). Because of the small part they play in the total heat loss
and the complications associated with radiation computations, radiation losses will not be dealt
with in this paper.
Experiment has shown that the rate of heat flow conducted (q) is directly proportional to the
area (A) and the difference in temperature (T1 – T2), and inversely proportional to the
thickness (w) (1). This relationship is made an equality by the definition of a constant (k):
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q = [k x A x (T1 – T2)] / w

eq. 2

q = Heat flow (BTU/hr)
k = A material's thermal conductivity in BTU/(hrftdegF)
A = Area in ft2
T = Temperature (degF)
w = Width (ft)
where the thermal conductivity (k) is a material property dependent only on the composition of
the material and not on its geometric configuration. Convective heat flow is found for
boundaries surrounded by fluids at specific temperatures by using Newton's Law of Cooling (1).
q / A = h x (Tsurf – Tfluid)

eq. 3

which defines a unit film conductance (h) to relate the rate of heat flow per unit area to the
difference between the surface and fluid temperatures.
The thermal resistance (R) of a surface is a measure of the resistance to heat flow provided by
the material's surface. The “R value” is equal to the surface's thickness divided by the k value
for the material.
R = w/k

and the units are hrft2degF/BTU.

eq. 4

With this information, it can be seen that equation (2) reduces to:
q = [A x (T1 – T2)] / R

eq. 5

When the R values of surfaces and air spaces through a wall are added together and inverted,
it yields an overall heat loss coefficient (U) for the wall. This value “U” is a very useful number
in heat loss calculations.
U = 1 / ƩR

eq. 6

U = Heat Loss Coefficient in BTU / hrft2degF
ƩR = Summation of R values across an area.
It also follows that the rate of heat flow equation, eq. 5, becomes
q = U x A x (T1 – T2)

eq. 7

which is the governing equation in the heat loss analysis.
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Heat Loss Analysis
Assumptions
●

All heat transfer problems are steady state and one dimensional.

●

1/8th air changes per hour occur in the greenhouse.

●

Transmission of insolation through glazing = 1 (i.e., no radiation loss).

●

No additional heat is lost due to convection (wind).

●

When not sunny, the concentration of radiation reaching the greenhouse is 1/2 of its full
sun value.

●

The heat loss through the glazing is 3/4ths its theoretical value because moveable
insulation cuts nighttime losses by onehalf (3).

Background
A degreeday is a heating requirement expressed by the difference in degrees Fahrenheit
below the average outdoor temperature for a day and an established indoor temperature base
of 65 degF (3). Consequently, if the average outdoor temperature is greater than 65 degF, then
the number of degreedays is zero. Using existing data for monthly average temperatures and
this degreeday method, the average heat loss per month was found. Existing data for the
average amount of energy received from the sun, combined with estimated heat loss, allows
for a calculation of the theoretical percentage of energy needs provided by the sun.
After the building's Energy Loss Coefficient x Area (UxA) products were calculated, they were
added together with the heat loss due to infiltration to yield the total heat loss in BTU/hrdegF.
When time is converted to days and this value is divided by the area of the floor, it yields the
overall heat loss coefficient for the building as BTU/floorsqftdegFday, which is a useful value
for comparisons and calculations.

Construction
The construction of the greenhouse walls are as indicated in the diagrams below and are of
standard construction (2). The insulation used in the walls is glass fiber insulation because of
its availability and high R value.
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Frame Walls
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Outside Surface (15 mph wind)
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Sheathing, 0.5 asphalt impreg.
Glass Fiber Insulation, 3.5in
Nominal 2x4 wood stud (3.5in)
Gypsum Wall Board, 0.5in
Inside Surface (still air)

R
0.17
0.81
1.32
19
4.38
0.45
0.68

5

Figure 6  Frame Wall Construction
The following calculations show the total R value for the frame wall construction and the
corresponding heat transfer coefficient.
R(total) = 22.43 hrsqftdegF / BTU
R(totstuds) = 7.81 hrsqftdegF / BTU
Assuming approximately 10% of the wall area is studs, the overall heat transfer coefficient can
be calculated.
U(tot) = [90% x U(wall)] + [10% x U(studs)]
= 90%(1/22.43) + 10%(1/7.81)
= 0.0954 BTU/hrsqftdegF
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Pitched Roof
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Figure 7  Pitched Roof Wall Construction
The following calculations show the total R value for the frame wall construction and the
corresponding heat transfer coefficient.
R(total) =

21.52 hrsqftdegF / BTU

R(totstuds) =

6.90 hrsqftdegF / BTU

Assuming approximately 10% of the wall area is studs, the overall heat transfer coefficient can
be calculated.
U(tot) = [90% x U(wall)] + [10% x U(studs)]
= 90%(1/21.52) + 10%(1/6.90)
= 0.0563 BTU/hrsqftdegF
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Rear Walls
The average heat transfer coefficient (U) for the rear wall may be found by simply adding the R
value of 4 inches of brick to the R values for the frame wall. The R value for 4 inches of brick
is 0.44 hrsqftdegF/BTU, so
R(tot) = 22.87 hrsqftdegF/BTU
R(totstuds) = 8.25 hrsqftdegF/BTU
U(tot) = 0.0515 BTU/hrsqftdegF

Heat Loss Example
For complete results, see the computer program in Appendix B (pending). The following heat
loss example is for the month of January, which has about 1,178 degreedays in the Hartford,
CT area (3). The example that was run used a building made up of 1.0 unit of the created 24
foot “standard” sections of the modular greenhouse.
Heat loss of Side Walls = U(surface) x Area
(1 sample surface)

= 0.0614 BTU/hrsqftdegF x 310.0 sqft
= 19.03 BTU/hrdegF

The above calculation is for 1 uniform surface, i.e., the two side walls with the same
construction. An exactly analogous calculation (UxA) is made for each unique exterior surface
and then added together to get a total for heat conduction through exteriorexposed surfaces.
This is then combined with the heat loss from the floor to get a total heat loss from all surfaces.
The heat loss due to infiltration is then included to get the total heat loss per degree of
temperature difference.
Note that the heat loss of the floor is based on the exterior perimeter and not the total area. It
is assumed a slab floor at ground level, which means most of the floor will be exposed to a
moderated underground temperature.
Heat Loss of Floor = Ufloor(2) x Perimeter
= (0.81 BTU/ftexposed) x 2 x (17.0 + (23.17 x 1section))
= 65.08 BTU/hrdegF
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Heat loss via infiltration = m x Cp
= (0.075 lmb/cuft) x (4,008. cuft) x (0.024 BTU/lbmdegF)
= 72.15 BTU/hrdegF
Total Heat Loss = Σ(Heat Loss Surfaces) + Σ(Heat Loss Infiltration)
= 440.7 + 72.15
= 513.0 BTU/hrdegF
U Value of Space = (Total Heat Loss in BTU/hrdegF) x (24 hrs/day)
= (513.0 x 24)
= 12,312 BTU/sqftfloordegFday
Once the U value of the space was calculated, it was then multiplied by the area of the floor
and the number of degreedays per month (from(3)), which gave an approximation for the
heating load for that month. The monthly space heating load, Q(m), is assumed to be
proportional to the number of degreedays during the month (from Solar Heating Design by
William Beckman).
For January = Uspace x (# degreedays per month)
= (31.26 BTU/sqftfloordegFday) x (1,178 degreedays)
= 1.450 x 108 BTU
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Insolation
Insolation is radiation which comes from the sun, and may either be direct –which is
unobstructed in reaching a surface, or diffuse –which is radiation that has been scattered or
reflected due to clouds or buildings, etc. “Diffuse radiation can be as much as 50% of the total
radiation when the sun is at a low altitude, and 100% on a completely cloudy day. However,
on clear days diffuse radiation is only a small fraction of total radiation.” (3)
Example: Insolation gain per month.
Assumption: A surface tilted at 45 degrees will receive the average amount of radiation
between a surface tilted at 40 degrees and one tilted at 50 degrees. Using the US
Government weather records (1979 Coastal Division), the Hartford, CT area receives “Full
Sun” approximately 45% of the time. The total insolation on 1sqft of glazing at 45 degrees tilt
during January = 1,858 BTU/hrsqft (4).
Jan. Insolation = [(45% full sun) x (1,858)] + [(55% diffuse sun) x (1,858 x 50%)]
= 836.1 + 510.9
= 1,347 BTU/hrsqft
Multiplying by the total possible hours of sun for the 15th of the month and assuming this to be
an average value for the month and assuming this to be an average value for the month yields:
Jan. Insolation = 1,347 BTU/hrsqft x 9.5 hrs/day x 31 days/January
= 396,700 BTU/sqft
Using the approximate area for 1 section of the greenhouse:
Area of glazing = 23.17ft + (11.88ft/sin(45deg)) = 389.3 sqft for 1 section of greenhouse.
Jan. Insolation = 396,700 BTU/sqft x 389.3 sqft
= 1.544 x 108 BTU
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Sizing the Burner
To size a backup burner, the maximum heat loss was calculated under design (expected
worse) conditions and then multiplied by a factor of safety (FOS) to provide for unusual
weather conditions. A factor of safety of 1.5 was used in sizing the burner for this greenhouse.
The outdoor design temperature is a temperature that is below the outdoor temperature 99%
of the time. For Hartford, CT, the outdoor design temperature is 3 degF (2). Assuming the
burner uses home heating oil and is 80% efficient.
Design Heat Loss = U(space) x (Temp(in) – Temp(out))
= 12,312 x (653)
= 7.633 x 105 BTU/day.
Burner Size = ( 7.633 x 105 BTU/day) x (1day/24hrs) x (1 gal oil/ (80% x 140,000 BTU) x 1.5
= 0.426 galsoil/hr
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Percent Heating Needs from Solar
The theoretical percentage of energy needs provided by solar energy is the amount of amount
of solar energy entering the greenhouse per month, divided by the heat loss for that month.
In the case of January:
%Solar Heat Jan. = Q(gain)/Q(loss) = 1.544 x 108 / 1.450 x 108 = 106%
So, in theory only, it is possible to provide 100% of the heating load for January by solar
energy. However, this is very unlikely for several reasons. The heating load is not distributed
evenly throughout the month or even the day. On a cloudy day when temperatures are low
and heat loss is high, the solar energy available to gain is lower. There is a large amount of
heat lost by convection (i.e., from wind) that is not taken into account in this paper. Finally, the
processes are not 100% efficient, as the approximations in this paper assumed.
The total heat loss per year is the sum of the heat losses per month. When this value is
known, the theoretical cost for heating the greenhouse by oil alone is found as follows. Given
that the heat loss per year is 7.55 x 107 BTU/yr,
(7.55 x 107 BTU/yr) x (1galoil/(140,000BTUx80%)) x (1.247 $/gal) = $840.05 per year
Note: The price of oil used is in 1981 dollars and the source is the Basic Petroleum Data
Book, Vol. III, #1, Jan. 83.
Using the assumptions listed in the beginning of this paper, there is a theoretical saving of
about $840 per year by using solar energy. However, a solar heated greenhouse is more
expensive to build than a conventional greenhouse and the money used in construction was
not taken into account in this paper. As mentioned above, it is not likely that 100% of the
heating needs will be provided by solar energy anyway –the only true test being
experimentation.
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Conclusion
Although a solar heated greenhouse in the Hartford, CT, area would not be able to be
independent of other heat sources –namely, fuel oil or propane, a substantial savings in fuel
costs can be made using solar energy. For instance, in a relatively short time (e.g., a few
years), the greenhouse should have paid the difference in construction costs and any money
saved after that would be profit.
Since the price of oil can seemingly only increase in the long run as it becomes scarcer and
harder to extract from the earth, and the supply of sun energy is free, and for all practical
purposes endless, it seems wise to use solar heated greenhouses rather than conventional
ones.
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